Osteoarthritis is a painful degenerative joint disease that could be better managed if tissue engineers can develop methods to create long-term engineered articular cartilage tissue substitutes. Many of the tissue engineered cartilage constructs currently available lack the chemical stimuli and cell-friendly environment that promote the matrix accumulation and cell proliferation needed for use in joint cartilage repair. The goal of this research was to test the efficacy of using a fibrin-alginate hydrogel containing hyaluronic acid (HA) and/or chondroitin sulphate (CS) supplements for chondrocyte culture. Neonatal porcine chondrocytes cultured in fibrin-alginate hydrogels retained their phenotype better than chondrocytes cultured in monolayer, as evidenced by analysis of their relative expression of type II versus type I collagen mRNA transcripts. HA or CS supplementation of the hydrogels increased matrix glycosaminoglycan (GAG) production during the first week of culture. However, the effects of these supplements on matrix accumulation were not additive and were no longer observed after two weeks of culture. Supplementation of the hydrogels with CS or a combination of both CS and HA increased the chondrocyte cell population after two weeks of culture. Statistical analysis indicated that the HA and CS treatment effects on chondrocyte numbers may be additive. This research suggests that OPEN ACCESS J. Funct. Biomater. 2014, 5 198 supplementation with CS and/or HA has positive effects on cartilage matrix production and chondrocyte proliferation in three-dimensional (3D) fibrin-alginate hydrogels.
Introduction
Osteoarthritis is a term describing the erosion of or damage to articular cartilage, which, due to the inability of cartilage to naturally regenerate itself, poses a serious health concern to millions of people worldwide [1] . Cartilage tissue engineering is a discipline aimed at repairing articular cartilage lesions with artificial cartilage constructs. These constructs consist of a biocompatible three-dimensional (3D) culture environment seeded with a suspension of chondrocytes or mesenchymal chondroprogenitor cells. This culture environment provides initial mechanical support for the cells, as well as providing a micro-environment that supports cell proliferation and the maintenance or acquisition of a differentiated chondrocyte phenotype. However, these artificial cartilage constructs frequently have lower levels of extracellular matrix (ECM) relative to native cartilage [2] . This represents a critical consideration in engineered cartilage, as the mechanical properties of this neocartilage and its integration with the surrounding native cartilage is correlated with the level of ECM deposition [3, 4] .
There are a number of different methods currently under investigation to enhance this matrix accumulation. For example, the type of 3D culture environment has been shown to affect matrix accumulation, with hydrogels showing higher levels of ECM accumulation and cell proliferation relative to solid scaffolds [5, 6] . Alginate hydrogel has been shown to enhance phenotype retention in chondrocytes relative to traditional monolayer culture [7] , with the addition of fibrin to alginate enhancing chondrocyte adhesion and proliferation [8, 9] . However, although this fibrin-alginate mixed hydrogel has been shown to be superior to alginate, there has not been any direct comparison of chondrogenic phenotype retention in this mixed hydrogel to freshly isolated chondrocytes or chondrocytes cultured in monolayer.
Another method to stimulate ECM production in engineered cartilage constructs is supplementing the hydrogel and culture medium with macromolecules that enhance their phenotype retention. An example of these molecules is the solubilized form of natural cartilage ECM components, such as hyaluronic acid (HA) and chondroitin sulphate (CS). Both of the studies by Akmal et al. [10] and Kawasaki et al. [11] demonstrated enhanced sulphated glycosaminoglycan (GAG) accumulation and chondrocyte proliferation in hydrogel cultures supplemented with HA relative to non-supplemented hydrogel controls. Similarly, supplementation with CS has been shown to enhance GAG synthesis and cell proliferation in 3D cultures of chondrocytes [12, 13] .
The objective of the present study was to characterize the effects of HA and CS supplementation on ECM production, chondrocyte proliferation and cartilage-specific gene expression in a 3D fibrin-alginate hydrogel culture system and to determine if these supplement effects are additive.
Materials and Methods

Isolation of Chondrocytes
Articular cartilage was harvested from the femoral and humeral heads, lateral and medial condyles and patellae of newborn pigs. These piglets were obtained from the Prairie Swine Centre (Saskatoon, SK, Canada) and had died spontaneously no more than 24 h prior to dissection. The cartilage was minced into 1-2 mm fragments using scalpels and subjected to a sequential digestion in which the tissue was incubated for 1 h (37 °C, 5% CO2, 100% relative humidity) with 10 mg/mL pronase (Boehringer/Roche, Mississauga, Canada) in Dulbecco's Modified Eagle Medium (DMEM) (Sigma-Aldrich, Oakville, Canada) supplemented with 0.292 mg/mL glutamine; 100 U/mL penicillin; 100 µg/mL streptomycin, 0.25 µg/mL amphotericin B, 100 µg/mL kanamycin (GAK) and then treated with 2 mg/mL collagenase (Type IA; Sigma-Aldrich) in DMEM supplemented with 10% fetal bovine serum (FBS) and GAK for 4 h at 37 °C with intermittent agitation. The resulting digest was then passed through a 100-µm pore Nitex filter, and the isolated chondrocytes were isolated by centrifugation (10 min, 300 g) and resuspended in DMEM/10% FBS/GAK medium. The cell density was determined using a hemocytometer and adjusted to 5 × 10 7 cells/mL.
Hydrogel Preparation and Chondrocyte Seeding
Alginate (Sigma-Aldrich) and fibrinogen (Sigma-Aldrich) were dissolved in 150 mM NaCl and 20 mM 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) to stock concentrations of 30 mg/mL alginate and 62.5 mg/mL fibrinogen, then filter sterilized. The 30 mg/mL alginate stock solution was then supplemented with either 0.25 mg/mL HA (from rooster comb; Sigma-Aldrich), 0.25 mg/mL CS (CS-A from bovine trachea; Sigma-Aldrich), both 0.25 mg/mL HA + 0.25 mg/mL CS, or neither additive. Equal aliquots of the fibrinogen and supplemented alginate stock solutions were combined and dispensed in 157 µL aliquots into sterile 1.5-mL microtubes. Then, 19.6 µL of chondrocyte cell suspension (5 × 10 7 cells/mL) was re-suspended in the fibrinogen/alginate mixture within each tube. Next, 19.6 µL of 100 U/mL thrombin solution (Sigma-Aldrich) were added to each tube followed by incubation at 37 °C for 15 min to catalyze fibrinogen cleavage and fibrin gel formation. The resulting gel was overlaid with 588 µL of 102 mM CaCl2 and incubated 20 min at 37 °C to crosslink the alginate. This yielded a hydrogel of 196-µL final volume and final component concentrations of 25 mg/mL fibrinogen, 12 mg/mL alginate, 5 × 10 6 cells/mL, 10 U/mL thrombin, with final supplement concentrations of 0.1 mg/mL HA and/or 0.1 mg/mL CS. The polymerized hydrogel plugs were transferred into separate wells of 12-well NUNC ® tissue culture plates (2.1-cm well diameter; Thermo Fisher Scientific, Ottawa, Canada) and submerged in 2 mL DMEM/10% FBS/GAK medium supplemented with 0.1 mg/mL HA, 0.1 mg/mL CS, both 0.1 mg/mL HA + 0.1 mg/mL CS (HACS) or neither additive. The concentration of 0.1 mg/mL HA employed in our experiments has been reported to enhance matrix production and cell proliferation in 3D chondrocyte cultures [10, 11] , while 0.1 mg/mL CS supplementation was shown to enhance matrix production [12] .
Harvesting of Hydrogels
This was a factorial experiment with one set of hydrogel samples (n = 8 for each supplement treatment group) harvested after 1 week of culture, another harvested after 2 weeks (n = 6 for each treatment) and 5 non-supplemented hydrogels being harvested immediately (0 days). The mean wet weight of the hydrogels after 1 week of culture was 213 mg (±standard deviation of 15.6) and was not significantly different among the various treatment groups. The harvested hydrogels were rinsed in Hank's saline for 10 min, after which they were incubated at 37 °C with 471 µL of hydrogel dissolution solution (90 mM NaCl, 55 mM sodium citrate, 30 mM EDTA, 0.1 mM Tris HCl, pH 7.5, 0.2 mM CaCl2, 0.2 mg/mL proteinase K (Invitrogen Life Technologies, Burlington, Canada) until the gels were completely dissolved. A 30.4-µL aliquot of this digest was removed and mixed with 70.6 µL triple-distilled water, then stored at 4 °C for later use in sulphated GAG quantification, as described below. The remaining hydrogel digest was centrifuged (5 min, 4 °C, 300 g), the supernatant removed, and the pelleted cells were resuspended in 110 µL of Hank's saline. A 10-µL aliquot of this cell suspension was mixed with 160 µL of Hank's saline and frozen for the Hoechst DNA quantification assay (n = 5, non-supplemented initial hydrogels; n = 7, for Week 1; and n = 5, for Week 2; for each of the four treatment groups). For the Week 1 samples only, the remaining 100 µL of cell suspension were mixed with 300 µL of TRIzol ® LS reagent (Invitrogen Life Technologies). The cells were lysed by repeated aspiration through a 27-gauge syringe needle and frozen at −80 °C for later RNA analysis.
One hydrogel sample from each treatment group at the 1-week and 2-week time points was used for histological sectioning and staining. Hydrogels were rinsed in Hank's saline, then immersed in formaldehyde solution (3.7% formaldehyde in phosphate buffered saline (PBS) supplemented with Mg 
Sulphated GAG Analysis
Some hydrogel samples (n = 7 for 1-week cultures; n = 5 for 2-week cultures of each treatment group) were used for biochemical analysis of total sulphated GAG content. The 1,9-dimethylmethylene blue (DMMB) assay used for sulphated GAG analysis was adapted from a combination of several protocols found in the literature [10, [14] [15] [16] and modified for use with alginate by adjusting the pH of the dye to 1.5. Briefly, 21 mg of DMMB (Sigma-Aldrich) were dissolved in 5 mL absolute ethanol. Then, 2 g of sodium formate was added, and this solution was mixed with 800 mL of triple-distilled water. Formic acid (95%, Sigma-Aldrich) was added to the solution until the pH was 1.5 and distilled water was added to a final volume of 1 L. A set of GAG standards was created by mixing seeded fibrin-alginate hydrogels (as in Section 2.2) supplemented with known amounts of CS (0-100 µg/mL final concentration).
A 48-µL aliquot of diluted hydrogel digest (see Section 2.3) was added to 300 µL of the DMMB dye and incubated at room temperature for 1 h. Thereafter, the samples and standards were centrifuged (15 min, 16 °C, 11,500 g), and 280 µL of each supernatant were pipetted into a 96-well plate. The absorbance was read at 600 nm using a spectrophotometric plate reader (SLT Spectra; Tecan, Morrisville, ND, USA).
A control experiment was performed to ensure that the exogenous CS incorporated into CS supplemented hydrogels did not create an interfering background signal in our DMMB assay for sulphated GAG accumulation. We measured no significant difference in initial DMMB absorbance readings obtained from CS supplemented hydrogels relative to non-supplemented hydrogels (data not shown). This confirmed that the amount of solubilized exogenous CS remaining in hydrogels after a 10-min Hank's saline rinse (see Section 2.3) was not sufficient to interfere with our DMMB assay for sulphated GAG accumulation.
DNA Quantification Assay
Some samples were subjected to fluorometric DNA quantification following a modification of the method of Labarca et al. [17] . Cells were released from solubilized hydrogels (see Section 2.3) and sonicated. A 70-µL aliquot of the resulting sonicate was mixed with 30 µL of 4 µg/mL Hoechst 33258 dye (Sigma-Aldrich) and 100 µL of 2× buffer (0.1 M NaH2PO4, 4 M NaCl, pH 7.4). Samples were then loaded into a 96-well black microtiter plate and fluorescence was quantified using a Fluorolite 1000 (Dynex Technologies, Worthing, UK) plate reader at an excitation wavelength of 365 nm and an emission wavelength of 458 nm. The samples were run alongside a set of DNA standards (0-4 µg/100 µL chicken DNA) for absolute quantification of DNA content.
RNA Analysis by Real-Time Quantitative PCR (qPCR)
Cells released from solubilized hydrogels were lysed in TRIzol ® LS reagent, as detailed in Section 2.3. The lysate was centrifuged (10 min, 12,000 g, 4 °C) to pellet any insoluble debris. The supernatant was mixed with 80 µL of chloroform, incubated at room temperature for 5 min, then centrifuged (15 min, 12,000 g, 4 °C) to separate the aqueous and organic phases. The upper aqueous phase was drawn off and mixed with an equal volume of 70% ethanol. This solution was then added to a HiBind RNA column from an E.Z.N.A™ Total RNA Kit (Omega, BioTek, Norcross, GA, USA), and the manufacturer's protocol for RNA isolation was followed.
After RNA isolation, the A260/A280 ratio was measured to check for phenol or protein contamination. Then, cDNA was synthesized from this RNA using the QuantiTect ® Reverse Transcription Kit (Qiagen, Toronto, Canada) following the manufacturer's protocol. The cDNA was used as a template for real-time quantitative polymerase chain reaction (qPCR) using a Fermentas Maxima ® SYBR Green reagents system (Thermo Fisher Scientific, Ottawa, Canada) in accordance with the manufacturer's protocol. Amplifications were performed on an MJ Mini thermal cycler equipped with a Bio-Rad MiniOpticon fluorescence detection module. The PCR cycle parameters were 95 °C for 15 s, 65.8 °C for 30 s and 72 °C for 30 s. Expression levels of four types of gene transcripts were analyzed: the mRNAs that code for collagen type I (col1α1), collagen type II (col2α1), aggrecan and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a reference gene. The sequences of all qPCR primers used are described in Table 1 . For each gene, a temperature gradient and serial dilution were run to determine the optimum PCR annealing temperature and PCR amplification efficiency, respectively. To ensure that each primer pair only amplified its specific target gene sequence, both gel electrophoresis and melt-curve analysis were performed on the PCR products. No template controls (NTCs; i.e., PCR reaction mixtures lacking a cDNA template) were run alongside the samples to check for the amplification of primer-dimers or contamination of the reagents. In addition, 6 samples were randomly chosen for "no reverse transcriptase controls" (NRTs) to check for genomic DNA contamination in the isolated RNA. For both the NTCs and NRTs, if amplification took place more than 5 cycles after the lowest expressed transcript in the experimental samples, it was considered negligible, as recommended by Bustin et al. [18] . Finally, 6 randomly chosen samples were analyzed on a Bio-Rad Experion microfluidic electrophoresis system to verify the integrity of the input RNA used for cDNA synthesis and qPCR amplification.
Immunostaining
Representative hydrogels were cryogenically sectioned using a HM550 cryostat (Thermo Fisher Scientific, Ottawa, Canada) at a thickness of 30 µm. The sections were subjected to immunostaining to detect the presence of collagen types I and II. First, the sections were washed 2× with PBS containing 0.01% Tween 20 (PBST), for 5 min per wash. The sections were then incubated in a blocking solution of PBST containing 5% sheep serum (Sigma-Aldrich) for 1 h. The blocking solution was replaced with the diluted primary antibody and allowed to incubate at room temperature for 1 h. The primary antibody solution for collagen type II (hybridoma supernatant II-II6B3; Developmental Studies Hybridoma Bank, Iowa City, IA, USA) was diluted 1:25 with PBST containing 5% sheep serum, while the collagen type I monoclonal antibody (Catalog #2456, Sigma-Aldrich) was diluted 1:200. Following the primary antibody treatment, the sections were washed 4× with PBST (10 min per wash). Then, the sections were incubated for 1 h at room temperature in a 1:200 dilution of alkaline phosphatase-conjugated goat anti-mouse secondary antibody (400 µg/mL stock; Santa Cruz Biotechnology, Dallas, TX, USA) in PBST containing 5% sheep serum. Then, the sections were washed 3× with PBST containing 0.5 mg/mL levamisole (10 min per wash), followed by two 15 min washes in 100 mM Tris HCl, pH 9.5, 50 mM MgCl2, 100 mM NaCl, 1 mg/mL Triton X-100, 0.5 mg/mL levamisole (NTMT).
Finally, the sections were incubated overnight at room temperature in colour development solution (NTMT supplemented with 0.34 mg/mL nitroblue tetrazolium chloride and 0.175 mg/mL 5-bromo-4-chloro-3-indolylphosphate). The colour development reaction was stopped by three, 5-min washes in PBST. As a negative control, a parallel section was treated as above, except that the primary antibody incubation step was omitted.
Statistics
For both the DMMB and the Hoechst assays, a mixed-effects linear model, with the unsupplemented hydrogels as the intercept, was used to identify statistical interactions between the HA and CS treatments that would be indicative of additive, synergistic or antagonistic biological effects. In addition, this allowed for gels that were fabricated at equivalent time points following component mixing to be blocked together in the statistical analysis in order to better resolve significant differences between the non-supplemented hydrogels and the HA, CS and HACS treatment groups.
Analysis of variance (ANOVA) together with the Tukey's honest significant differences post hoc test was used to determine the change in total cellular DNA in untreated hydrogel cultures over the 2-week period of culture All of the above parametric tests were performed using R © (version 2.10.1) software [19] .
The Relative Expression Software Tool (REST) [20] was used for the non-parametric analysis of qPCR data on collagen I, collagen II aggrecan and GAPDH gene transcript levels in hydrogel cultures, monolayer cultures and freshly isolated chondrocytes.
Results
The DMMB GAG quantification assay was used to quantify matrix production (indicated by sulphated GAG levels) in CS, HA and HACS supplemented hydrogel cultures relative to non-supplemented hydrogel cultures. This assay (Figure 1) showed significantly higher levels of sulphated GAG accumulation in the HA, CS and HACS supplemented hydrogels relative to non-supplemented hydrogels after one week of culture, but no significant difference in sulphated GAG abundance after two weeks of culture. The effects of the HA and CS treatments on GAG production were not additive, as hydrogels treated with both HA and CS in combination (HACS) were no higher in sulphated GAG accumulation than hydrogels supplemented with either HA or CS alone (Figure 1 ). This was confirmed by statistical analysis using a mixed-effects linear model. The Hoechst DNA assay was used to quantify relative cell numbers within the hydrogel cultures. Within the non-supplemented hydrogels, there was roughly a two-fold increase in total cellular DNA during the first week of culture, but the cell population did not increase any further during the second week of culture (Figure 2 ). After one week of culture, the HA, CS and HACS supplemented hydrogels had slightly lower mean cellular DNA than non-supplemented control hydrogels, although the decrease was not significant. In contrast, by two weeks of culture, the HA, CS and HACS supplemented hydrogels demonstrated modestly higher mean cellular DNA levels relative to untreated controls. Statistical analysis using a mixed effects linear model, which allowed for statistical pairing of hydrogel cultures fabricated at the same time, indicated that the increase in cellular DNA levels was significant in CS and HACS supplemented hydrogels relative to non-supplemented hydrogel controls. Furthermore, statistical analysis using the mixed effects linear model suggests that the HA and CS treatments had additive effects on cellular DNA accumulation in the two-week hydrogel cultures. The effects of HA, CS and HACS supplementation on total cellular DNA levels (an indicator of relative chondrocyte numbers) in fibrin-alginate hydrogels that were cultured for one week (n = 7 for each treatment), or two weeks (n = 5 for each treatment), or harvested immediately (0 days) after cell seeding (n = 5). Untreated hydrogels were not supplemented with either HA or CS. Error bars represent one standard deviation from the mean. Asterisks indicate a significant increase in total cellular DNA levels in untreated hydrogels after one and two weeks of culture compared to the beginning of culture (0 days). (** p < 0.01).
Quantitative real-time PCR (qPCR) was used to determine the expression levels of mRNAs that code for collagen type I (col1α1), collagen type II (col2α1), aggrecan and GAPDH. The collagen I, collagen II and aggrecan gene transcript levels in HA, CS and HACS supplemented hydrogels were normalized against the mRNA level for the constitutively expressed GAPDH reference gene and expressed as a ratio of the corresponding target gene expression in non-supplemented control hydrogels (Figure 3 ). Statistical analysis of the qPCR data using REST software revealed no significant up-or down-regulation of collagen I, collagen II or aggrecan gene expression when comparing the three different supplement treatments to the untreated control group. Figure 3 . Graphs depicting the relative expression levels (R) of the mRNAs that code for (a) collagen type I, (b) collagen type II and (c) aggrecan in hydrogels supplemented with CS (n = 7), HA (n = 6) and HACS (n = 7), expressed as the ratio of their corresponding mRNA levels in non-supplemented hydrogels, which are assigned an R value of one. The bar heights represent the median ± standard error as calculated by the Relative Expression Software Tool (REST) statistical analysis. (Note: the collagen I, collagen II and aggrecan gene expression values shown are normalized against the mRNA level for the constitutively expressed GAPDH transcript. There was no significant difference in GAPDH RNA levels between the HA, CS, HACS and non-supplemented hydrogel treatment groups; data not shown).
Representative hydrogel cultures from the HA, CS, HACS and non-supplemented treatment groups were sectioned with a cryostat and immunocytochemically stained with antibodies specific for collagen type I and collagen type II proteins. As seen in Figure 4 , both collagen I and collagen II proteins were detected in the hydrogels from all four treatment groups at one and two weeks of culture. This confirmed that the collagen I and II mRNAs detected by qPCR were indeed being translated into protein. However, we were unable to perform quantitative comparisons on the relative abundance of collagen I or collagen II proteins between the different supplement treatment groups due to variability in the quality of histological sections between individual hydrogel samples, as well as considerable variability in staining intensity across different areas from the same sample. Immunostaining of cryogenic sections of hydrogels supplemented with CS, HA or HACS. Non-supplemented hydrogels (untreated) served as controls. Staining revealed that there was an accumulation of collagen types I and II proteins over time in all treatment groups. All photomicrographs were taken at equivalent magnification on a Leitz DM-RB compound microscope (10× objective lens) equipped with a Sony DSC-V3 camera.
Discussion
A major consideration in the engineering of artificial cartilage tissue constructs is developing an optimized culture environment that supports the survival and proliferation of embedded chondrocytic cells, while also preserving the chondrocyte phenotype and maintaining the biosynthesis of cartilage-specific ECM components. Numerous studies have shown that propagation of chondrocytes in monolayer cultures on standard tissue culture dishes leads to their gradual dedifferentiation, which is characterized by a switch from collagen II to collagen I synthesis, decreased aggrecan secretion and the adoption of a fibroblastic morphology [21] . In contrast, embedding chondrocytes in 3D hydrogels composed of various natural polymers or synthetic polymers helps sustain their normal patterns of gene expression and cartilage matrix secretion [5] [6] [7] 22] . Perka et al. [9] demonstrated the advantages of a fibrin-alginate hydrogel scaffold system, which provided a better environment for long-term chondrocyte culture than hydrogels composed of fibrin or alginate alone. Consistent with these earlier reports, we observed that neonatal porcine chondrocytes propagated in monolayer cultures exhibited a progressive decline in collagen II and aggrecan gene transcript expression over a 6-12-day period of culture and a coincident rise in collagen I expression (Supplemental Figure S1 ). In contrast, chondrocytes embedded in a fibrin-alginate hydrogel demonstrated a significantly higher ratio of collagen II to collagen I mRNA expression in comparison to chondrocytes cultured in monolayer (Supplemental Figure S2) .
The purpose of the present study was to examine the effects of supplementing the fibrin-alginate hydrogel with exogenous HA and CS on the parameters of chondrocyte population growth, ECM production and cartilage-specific gene expression. Moreover, we wished to determine whether supplementation of the hydrogel with both CS and HA in combination (HACS) would have additive effects on these aspects of chondrocyte behavior.
We found that supplementation with either CS, HA or HACS elevated levels of matrix sulphated GAG production in chondrocytes cultured within a fibrin/alginate hydrogel. This is consistent with earlier reports that exogenous HA and CS can enhance ECM deposition in chondrocyte cultures [10, 11, 13] . Interestingly, the stimulatory effects of CS and HA on sulphated GAG accumulation that we observed were only evident during the first week of culture. It is possible that the effects of exogenous CS and HA become negligible by two weeks of culture as a result of the increasing deposition of newly synthesized aggrecan, an endogenous cartilage-specific chondroitin sulphate proteoglycan, by chondrocytes embedded in the fibrin-alginate hydrogel. A previous study by van Susante et al. [13] similarly showed that matrix production slowed with progressive GAG accumulation in a chondroitin sulphate-collagen I scaffold system for chondrocyte culture.
Contrary to our expectations, we found that the stimulatory effects of CS and HA supplementation on sulphated GAG production in fibrin-alginate hydrogels were not additive. It is possible that the 1-mg/mL concentration of CS and HA supplements employed in our experiments were each sufficient by themselves to stimulate matrix GAG synthesis maximally.
Supplementation with CS, alone or in combination with HA, also had positive effects on chondrocyte population growth within the fibrin-alginate hydrogels. By two weeks of culture, both CS and HACS supplemented hydrogels displayed significantly higher total cellular DNA accumulation than non-supplemented hydrogels. Treatment with HA alone caused no statistically significant increase in the mean cellular DNA level. However, a combination of HA supplementation with CS had additive effects on chondrocyte proliferation that were greater than the effects of CS supplementation alone. It is worth noting that the stimulatory effects of CS and HACS supplements on chondrocyte population growth were not observed during the initial week of hydrogel culture. Similar trends were reported in studies by van Susante et al. [13] and Akmal et al. [10] , who observed temporally delayed effects of HA and CS treatments on the proliferation of cultured chondrocytes.
Our study also examined whether supplementation of fibrin-alginate hydrogels with CS and/or HA affected expression levels of the cartilage-specific aggrecan and collagen II gene transcripts or the mRNA level for collagen I, a marker for dedifferentiated chondrocytes. However, our qPCR data revealed no statistically significant effects of either CS, HA or HACS supplementation on the levels of expression of any of these target genes. This suggests that the observed stimulatory effects of the CS and HA supplementation on GAG accumulation might be due to some post-transcriptional influence on the expression of sulphated matrix proteoglycans, like aggrecan. In agreement with our findings, an earlier study by Nishimoto et al. [23] reported that treatments with CS and low molecular weight HA had no significant effect on collagen II and aggrecan gene transcript levels in a 3D chondrocyte culture system. Consistent with the expression of both collagen II mRNA and collagen I mRNA transcripts in our hydrogel cultures, immunocytochemical staining confirmed that both type II and type I collagen proteins were deposited into the fibrin-alginate gel. For both collagen II and collagen I, the immunostaining appeared to be predominantly pericellular. As such, the presence of both collagen II and collagen I proteins in the fibrin-alginate hydrogels suggests that the embedded cells may be a mixture of phenotypically differentiated chondrocytes together with some chondrocytes undergoing dedifferentiation. Unfortunately, we could not determine whether the CS, HA or HACS supplementation treatments induced any quantitative changes in collagen II or collagen I protein abundance, due to variability in the quality of the histological sections obtained from different hydrogel samples, as well as the variable immunostaining intensity in different areas of the same specimen.
Our present study has a number of limitations that should be addressed in future investigations. We tested only one concentration of CS and HA supplementation (0.1 mg/mL) in our fibrin-alginate hydrogels, whereas optimal effects on chondrocyte behavior might occur at higher or lower doses. Akmal et al. [10] demonstrated that HA dosage influenced both matrix accumulation and chondrocyte proliferation, and it is likely that the effects of CS and HA in combination are also dose-dependent. Moreover, in addition to CS and HA, there are numerous other macromolecules (e.g., collagen II) that may be tested alone or in combination as candidate supplements for improving the quality of engineered cartilage constructs, together with stimulation by soluble growth factors, such as bone morphogenetic proteins (BMPs) and transforming growth factors-beta (TGF-βs) that elevate cartilage-specific gene transcription and matrix production. In future studies, it will be important to perform mechanical testing [4] on the hydrogels after prolonged culture in order to determine the effects of supplementation treatments on the load-bearing ability of the constructs. Developing optimized supplementation regimens for a 3D chondrocyte culture that are effective at preserving a differentiated chondrocyte phenotype and assembling an ECM with properties resembling that of natural cartilage matrix is crucial to engineering implantable cartilage tissue substitutes capable of functional integration with surrounding native cartilage. A further challenge is to fabricate artificial cartilage constructs that mimic the stratified zonal architecture of natural articular cartilage with heterogeneous layer-specific biological and mechanical properties [22, 24] .
Conclusions
Our study demonstrates that CS and HA supplements, either alone or in combination, enhance matrix GAG accumulation and cell proliferation by articular chondrocytes embedded in 3D fibrin-alginate hydrogels. The stimulatory effects of CS and HA on chondrocyte population growth were additive and became evident following two weeks of in vitro culture. By contrast, the stimulatory effects CS and HA on sulphated GAG production were non-additive and were exhibited only during the first week of culture. A critical consideration in developing improved scaffold systems for cartilage tissue engineering is fabricating an artificial microenvironment with optimized macromolecular composition that maintains the differentiated phenotype of embedded chondrocytes and encourages their robust biosynthesis of a cartilage-characteristic ECM.
